The present study was performed to investigate the effects of the development of atherosclerosis on foot-to-foot pulse-wave velocity (PWV) from the ascending aorta to different positions along the aorta in Kurosawa and Kusanagi-Hypercholesterolemic (KHC) rabbits aged 10-12 and 22-24 months old, in relation to the percentage fractional lesioned area (PFLA) in different aortic regions through which the pulse wave travels, as well as the rheological and pathohistological properties of the aortic wall. PWV, when measured in the KHC rabbit from the ascending aorta to each aortic position, showed the highest value on passage through the aortic arch, decreased with conduction to the distal thoracic aorta, reached the minimal value on passage to the distal thoracic aorta or to the middle abdominal aorta in the 10-12-and 22-24-month-old animals respectively, and increased gradually on conduction to the iliac artery. PWV at all aortic regions examined was significantly greater in the 22-24-month-old than in the 10-12-month-old KHC rabbits. PFLA, when measured in the aortic region from the ascending aorta to each aortic position, was maximal in the aortic arch and decreased gradually towards the peripheral aorta in both age groups. PFLA in the 22-24-month-old group was significantly greater than that in the 10-12-month-old group in all aortic regions examined. The atherosclerotic aortic wall showed a significantly lower elastic modulus in the young KHC rabbits compared with age-matched normal rabbits. A significantly higher elastic modulus was observed in the older KHC rabbits compared with that in the younger animals of both strains, associated with the progression of sclerosis. These findings indicate that the increase in PWV is due mainly to an increase with aging in the extent and severity of atherosclerosis in vessels in which the pulse wave travels.
INTRODUCTION
The Kurosawa and Kusanagi-Hypercholesterolemic (KHC) rabbit is a useful animal model in which to study hypercholesterolaemia and atherosclerosis. This strain was initially produced by serial breeding of a pair of spontaneously hypercholesterolaemic Japanese White rabbits discovered as mutants in 1985 by Japan Laboratory Animals, Inc. [1] . Hypercholesterolaemia in the KHC rabbit, similar to that in the Watanabe Heritable Hyperlipidemic (WHHL) rabbit, has been suggested to be due to the lack of receptors for low-density lipoprotein in the liver [1] . The KHC rabbit spontaneously develops atherosclerosis in the ascending aorta, in the aortic arch or around the orifice of the branch arteries within 3 months, and this progresses to the peripheral arterial region with aging [1] . Atherosclerosis in humans is more dominant in the abdominal aorta and iliac artery than in the ascending and thoracic aorta [2] . Thus the prevalence and distribution of atheromatous plaque in the KHC rabbit are different from those in humans.
Foot-to-foot pulse-wave velocity (PWV) is used to assess pathological vascular alterations, such as atherosclerosis underlying serious cardiovascular disease. PWV is usually measured clinically by a non-invasive technique as an averaged velocity of the pulse wave between two arterial sites, e.g. the common carotid and femoral arteries. PWV is susceptible to changes in the rheological properties of the arterial wall [3] [4] [5] [6] [7] , which are closely associated with the fine structure of the wall [8] [9] [10] [11] [12] . PWV has been shown to be increased in subjects with atherosclerotic disease [13] [14] [15] [16] , whereas some investigators have reported that PWV was only slightly affected by atherosclerosis [17] [18] [19] . In humans, this discrepancy seems to be due to the crude methods used for measurement of PWV, considerable individual variation in the development and distribution of atherosclerotic lesions that occur with aging, and differences in the repeatability of measurement of PWV. The value of PWV, therefore, is anticipated to vary significantly at different aortic regions due to the progression of sclerotic lesions with aging.
In the present study we compared regional PWV along the atherosclerotic aorta in KHC rabbits aged 10-12 and 22-24 months, in relation to the percentage fractional lesioned area (PFLA), the rheological properties and the histological features of the aortic wall, in order to investigate the effects of the progression of atherosclerosis with aging on PWV at different aortic regions.
METHODS

Animals
The following animals were used in the present study : eight normal Japanese White and 12 KHC rabbits aged 10-12 months, and eight normal Japanese White and eight KHC rabbits aged 22-24 months. The animals were reared in an air-conditioned clean room at a room temperature of 22-24 mC and a relative humidity of approx. 50 % at the facilities of Japan Laboratory Animals Inc., and each animal was given approx. 120 g\day of commercial rabbit food (LABO R Stock ; Nihon Nohsan Kogyo K-K).
Surgery and pressure pulse-wave recording Figure 1 shows the arrangement of the pressure pulsewave recording system and recording positions along the aorta. The rabbits were anaesthetized by an intravenous injection of pentobarbital sodium (0.12 mmol:kg −" ). If needed, an additional dose was administered. Before surgery, we confirmed that the animals did not respond to pain by pinching the limbs, neck and face. A cathetertransducer (Mikro-tip SPS-330, 4Fr ; Millar Instruments Inc.) was inserted from the left common carotid artery into the ascending aorta. Another catheter (Mikro-tip SPS-340, 3Fr ; Millar Instruments) was introduced near the peripheral end of the aortic arch through the left femoral artery. Pressure pulse waves were monitored simultaneously in the ascending aorta and at eight different positions (Positions 0-7 ; Figure 1 ) along the aorta by moving the tip of the catheter, and recorded using a thermal dot recorder (RT-2108A ; NEC Medical Systems Inc.), a digital data recorder (PC-108M ; Sony Magnescale Inc.) and a personal computer (PC-9801DA ; NEC Corp.). Positions 0-7 were situated respectively at the peripheral end of the aortic arch, in the proximal, middle and distal thoracic aorta, in the proximal, middle and distal abdominal aorta, and in the left iliac artery, at intervals of 40 mm in situ.
Determination of PWV
After recording the pressure pulse waves, the distances between the catheter tip in the ascending aorta and that at each of the eight different positions along the aorta (∆d ! -∆d ( ) were determined in situ. Pressure pulse waves recorded in the ascending aorta and at each different position were regenerated with a computer. We defined the foot of the pressure pulse wave as the lowest point of the primary wave at the end of diastole and the beginning of systole. The lowest point of the pulse wave just before the rise of the primary wave was determined as precisely as possible on a display with a time scale of 0.1 or 0.2 ms using a manual method to minimize intraanimal variation of PWV within the same aortic region. The time delays between the feet of the pressure pulse wave in the ascending aorta and that at each different position (∆t ! -∆t ( ) were calculated for 10 successive cardiac cycles. Regional foot-to-foot PWVs from the ascending aorta to each position along the aorta (PWV ! -PWV ( ) were determined as ∆d
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Figure 1 Schematic arrangement of the experimental animal and apparatus
A catheter with a micromanometer at the tip was in-dwelt in the ascending aorta via the left common carotid artery. Another catheter was advanced to the peripheral end of the aortic arch at position 0 via the left femoral artery. Pressure pulse waves were recorded simultaneously in the ascending aorta and at each aortic position by moving the catheter from position 0 to position 7 at an increment of 40 mm.
Calculation of PFLA
After the rabbit was killed by an overdose of pentobarbital sodium, the aorta was excised from its origin to the bifurcation of the left and right common iliac arteries and opened longitudinally. The intimal surface of the atherosclerotic aorta was carefully Xerox-copied, and the margin of the atheromatous plaque and the entire surface of the aorta was precisely traced. The traced intimal surface was bordered by seven positions in which the catheter tip was situated. The image of the traced intimal surface was input into an image analysis system (LUZEX 2D ; Nireco Corp.) through a CCD-video camera. After the monochromatic images were converted into their video images, the outline of each plaque and the entire aortic area bordered by the seven positions (positions 0-6) was digitized and controlled by manipulating the intensity, brightness and purity of the images, so that the lesioned area was bright and the background bordered by the seven positions was dark in the binarized image. Seven fractional lesioned areas and the entire surface area bordered by two adjacent positions (between the origin of the ascending aorta and position 0 ; between positions 0 and 1 ; … ; between positions 5 and 6) were measured by the main processor of the image analysis system, and the lesioned area was calculated as a percentage of the entire surface area in each region. The total PFLA from the origin of the ascending aorta to each of the seven aortic positions (PFLA
) was expressed as a sum of the PFLAs between the origin of the ascending aorta and the position in question.
Tensile test
The excised aortas were frozen gradually and stored at k85 mC. Later, the aortas were thawed and circumferential strips 3 mm in width were prepared from the proximal thoracic and proximal abdominal aorta. The rheological properties of the strips were measured using a tensile testing instrument (TOM 30J ; Minebea Inc.), which consisted of a movable cross-head and driving unit, as reported previously [10] . Each end of the strip was fastened using specifically designed chucks in an organ bath filled with physiological saline solution (147.2 mM NaCl, 2.7 mM KCl, 0.5 mM MgCl # , 1.8 mM CaCl # , 1.0 mM NaH # PO % , 3.0 mM Na # HPO % and 5.6 mM glucose) at 37 mC. The lower chuck was attached to the bottom of the organ bath and the upper chuck was connected to the load cell (Minebea Inc.) of the instrument. The initial length of the strip was held at the maximum length at which the tension just exceeded 0 g. After maintaining the initial length, the strip was subjected to a tension-strain test. The tension was generated by mechanically stretching the strip at 4.2 mm\min. Immediately after each test, the strip was severed at the margin of each chuck and weighed on a precision balance. As described by McDonald [20] and Lawton [21] , the specific weight and Poisson's ratio of the aortic wall were estimated as 1.06 [20] and 0.50 [21] respectively. The thickness of the wall (h) was calculated as :
where wt is the sample weight, l ! is the initial length of the strip (cm) and w is the width of the sample (cm). The stress value (σ) at any given time during stretching was determined using the formula :
where T, a and ε are respectively the wall tension (g), the cross-sectional area (cm#) and the strain of the strip. The elastic modulus (E) was determined as an inclination of the stress-strain curve at a strain of 0.5, since stretching of the strip to 150 % of the initial length was considered to represent the physiological length in vivo.
Histological preparation
Circumferential strips of the aorta were obtained from the ascending aorta and the proximal thoracic and abdominal aorta of both normal and KHC rabbits. The strips were fixed in a 10 % neutral buffered formalin solution and embedded in paraffin. Histological sections of 5 µm thickness were cut and stained with Elastica-van Gieson stain.
Statistics
Statistical significance was analysed using Scheffe's multiple-comparison test for comparisons between the control and KHC rabbits of the two age groups for each aortic position, after testing the data by analysis of variance, except for the comparison of PFLA between the age groups. Comparison of PFLAs for the seven aortic regions between the two age groups of the KHC rabbits was carried out using Student's t-test. Correlations between diastolic pressure and PWV at each aortic position were examined with Fisher's F-test in both normal and KHC rabbits. We took P 0.05 as significant. Figure 2 shows a typical recording of the waveforms of the pressure pulse waves at positions 0, 3 and 6 in normal and KHC rabbits aged 10 and 23 months. Although the amplitude of the pulse waves increased as the position moved to the peripheral region in both strains, the increase in amplitude was larger in the KHC rabbit than in the normal rabbit, and this effect was more apparent at 23 months. The amplitude of the waves in the normal rabbits was not markedly different between the two age groups.
RESULTS
Waveform of the pressure pulse waves
Systolic, diastolic and pulse pressures
Systolic and diastolic pressures at different aortic positions in normal and KHC rabbits are shown in Figure 3 . Systolic pressure increased progressively as the aortic position moved to the peripheral regions, and this effect was greater in the KHC rabbits in comparison with the controls. Diastolic pressure decreased slightly as the distance from the heart increased, in both normal and KHC rabbits of both age groups. Systolic pressure seemed to be greater at all aortic positions in the 22-24-month-old than in the 10-12-month-old KHC rabbits. There were no significant differences in systolic or diastolic pressure in the ascending aorta and at eight different aortic positions between the normal rabbits at 10-12 and 22-24 months old (P l 0.98-1.00 and P l 0.96-1.00 for systolic and diastolic pressure respectively), or between KHC rabbits at 10-12 and 22-24 months old (P l 0.41-0.98 and P l 0.17-0.46 respectively). Systolic and diastolic pressures also showed no significant differences in the ascending aorta and at eight different positions in the aorta between the normal and KHC rabbits for the young groups (P l 0.37-0.77 and P l 0.60-0.89 for systolic and diastolic pressure respectively) or for the older groups (P l 0.05-0.54 and P l 0.90-1.00 respectively). Figure 4 shows pulse pressure at different aortic positions in normal and KHC rabbits. Pulse pressure was almost unchanged with aging in the normal rabbits at all aortic positions examined (P l 0.73-1.00), whereas it increased significantly with aging in the KHC rabbits at all aortic positions (P l 0.00-0.03), and was significantly greater in the KHC rabbits at 22-24 months old than in the age-matched controls (P l 0.00-0.01).
Changes in PWV along the aorta in rabbits aged 10-12 and 22-24 months Figure 5 shows the changes in regional PWV from the ascending aorta to each aortic position in normal and KHC rabbits aged 10-12 and 22-24 months. PWV increased gradually in the normal rabbit as the pulse wave travelled from the ascending aorta towards the peripheral aortic position. In the KHC rabbits, PWV was greatest when the pulse wave moved through the aortic arch, decreased gradually during conduction along the thoracic aorta and showed the lowest value at position 3 (in the 10-12-month-old group) or position 5 (in the 22-24-month-old group). PWV increased thereafter as the wave travelled through the aorta distal to position 3 or 5, as observed in the normal rabbits. There were significant differences in PWV between the 10-12-month-old normal and KHC rabbits at all aortic positions examined (P l 0.00-0.04) except for positions 3 and 4 (P l 0.25 and P l 0.08 respectively), and between the 22-24-monthold normal and KHC rabbits at all aortic positions (P l 0.00 at each position). PWV increased significantly Pulse-wave velocity in the KHC rabbit A.A., ascending aorta. Values are meanspS.E.M. Significance of differences (b, normal compared with KHC rabbits at 22-24 months old ; c, KHC rabbits at 10-12 compared with 22-24 months old) : *P 0.05, **P 0.01, ***P 0.001. Pulse pressure increased progressively as the distance from the heart increased in both the normal and KHC rabbits in both age groups. Pulse pressure in the older KHC group was significantly greater than that in both the age-matched normal and the young KHC rabbit groups. A.A., ascending aorta ; P, position along aorta (see Figure 1) . Values are meanspS.E.M. Significance of differences (a, normal compared with KHC rabbits at 10-12 months old ; b, normal compared with KHC rabbits at 22-24 months old ; c, KHC rabbits at 10-12 compared with 22-24 months old) : *P 0.05, **P 0.01, ***P 0.001. PWV increased gradually with distance from the ascending aorta in normal rabbits of both age groups. In the KHC rabbits, PWV was the greatest at the aortic arch (A.A.-P0) and the proximal thoracic aorta (A.A.-P1), decreased gradually to the distal thoracic aorta (A.A.-P3) in the 10-12-month group and to the middle abdominal aorta (A.A.-P5) in the 22-24-month group, and then increased progressively to the left external iliac artery. PWV was significantly greater in the 22-24-month-old KHC rabbits than in the 22-24-month-old normal and 10-12-month-old KHC rabbits at all aortic regions. In addition, PWV was significantly greater in the 10-12-month-old KHC rabbits than in the 10-12-month-old normal rabbits at all aortic regions except for A.A-P3 and A.A.-P4.
with aging at all aortic positions in the KHC rabbits (P l 0.00 at each position), whereas this effect was not apparent at any aortic position in the normal rabbits (P l 0.70-0.99). Table 1 compares values of h, E and the radius (r) of the proximal thoracic and proximal abdominal aorta in normal and KHC rabbits aged 10-12 and 22-24 months.
Rheological properties of the atherosclerotic aorta
For the proximal thoracic and proximal abdominal aorta of the normal rabbits, there were no significant differences in h (P l 1.00 and P l 1.00 respectively), E (P l 0.99 and P l 1.00 respectively) or r (P l 0.94 and P l 0.94 respectively) between the 10-12-and 22-24-monthold groups. In the proximal thoracic and proximal abdominal aorta of the KHC rabbits aged 10-12 and 22-24 months, the value of h was increased significantly in comparison with that in normal rabbits of the same age (P l 0.00 and P l 0.00 respectively for the proximal thoracic aorta, and P l 0.02 and P l 0.00 respectively for the proximal abdominal aorta). No significant differences were observed for KHC rabbits in the value of h in the proximal thoracic aorta between the 10-12 and 22-24 month age groups (P l 0.86), although this value increased significantly with aging in the proximal abdominal aorta (P l 0.03). The value of r for the proximal thoracic aorta was significantly smaller in the KHC rabbits at 10-12 and 22-24 months than in age-matched controls (P l 0.01 and P l 0.03 respectively). The value of E for the proximal thoracic aorta of the KHC rabbits at 10-12 months old showed a significant decrease, to approx. 30 %, compared with that in normal rabbits of the same age (P l 0.03), whereas it was markedly increased (by about 4-fold) at 22-24 months old (P l 0.00). For the proximal abdominal aorta, there were no significant differences in the value of E between the young and older KHC rabbits (P l 0.18), between the young normal and KHC rabbits (P l 0.15) or between the older normal and KHC rabbits (P l 1.00). Figure 6 shows the values of Eh\r for the proximal thoracic and proximal abdominal aorta in normal and KHC rabbits. For the proximal thoracic aorta, the value of Eh\r in the young KHC group was increased by about 24 % relative to that in the young normal rabbits, but this difference was not significant (P l 0.96). The value of Eh\r in the older KHC rabbits was significantly greater than those in the young KHC rabbits (P l 0.00) and in age-matched normal rabbits (P l 0.00). For the proximal abdominal aorta, the value of Eh\r in the older KHC rabbits was significantly increased in comparison with those in the young KHC (P l 0.03) and age-matched normal (P l 0.03) rabbit groups. There were no significant differences in the value of Eh\r between the young KHC rabbits and age-matched controls (P l 1.00). Figure 7 shows the binarized images of the intimal surface of the aorta of KHC rabbits at 10-12 and 24 months old, obtained using an image analysis system. Atheromatous plaque, shown in black, was observed in the aortic arch and around the bifurcations of branch arteries in the thoracic and proximal abdominal aorta in 10-12-month-old animals. By 24 months of age, sclerotic Pulse-wave velocity in the KHC rabbit Values are meanspS.E.M. Significance of differences : *P 0.05, **P 0.01. There were significant differences in the Eh/r value between KHC rabbits at 10-12 and 22-24 months of age, and between KHC and normal rabbits at 22-24 months of age.
Macroscopic features of the aorta in KHC rabbits
Figure 7 Images of the intimal surface of the aorta in KHC rabbits
These images were produced using the main processor of an image analysis system from Xerox copies of the intimal surface, which were fed into the system through a CCD-video camera. The black areas are the lesioned areas, and the white areas are lesion-free areas. The horizontal bar represents 10 mm. Sclerotic lesion was dominant in the aortic arch and around the orifice of the branch arteries in 10-12-month-old KHC rabbits, and had spread over almost the entire area from the ascending aorta to the proximal thoracic aorta, and between orifices of adjacent branch arteries in the middle and distal thoracic and proximal abdominal aorta, by 24 months of age. 10M, 10 months old (etc.). A.A., ascending aorta ; P, position along the aorta (see Figure 1 ). Values are meanspS.E.M. Significance of differences : **P 0.01, ***P 0.001. The PFLA was calculated from images produced by an image analysis system, and represents the total lesioned area as a percentage of the total entire area between the origin of the ascending aorta and each aortic position. The PFLA was significantly greater in the 22-24-month-old than in the 10-12-month-old animals in all regions.
Figure 9 Histological sections of the proximal thoracic and proximal abdominal aorta from KHC rabbits
The sections were stained with Elastica-van Gieson stain. Fatty streaks and intimal thickening were observed, and the internal elastic lamina was partly disrupted or lost. Proliferation of elastin and collagen fibres was obvious in the proximal thoracic aorta from 24-month-old rabbits.
lesions had spread over almost the entire area from the ascending aorta to the proximal thoracic aorta and between orifices of adjacent branch arteries in the middle and distal thoracic and proximal abdominal aorta. Plaque was considerably less in the middle and distal abdominal aorta in both age groups. Neither aneurysm nor ectasia was observed at autopsy.
Changes in PFLA Figure 8 shows the PFLA between the ascending aorta and each of seven aortic positions in the KHC rabbits. The total PFLA in the region from the ascending aorta to the distal region of the aortic arch (position 0) was " 84 % and almost 100 % at 10-12 and 22-24 months old respectively. PFLA decreased gradually towards the peripheral aorta in both age groups, as there were progressively less sclerotic lesions towards the distal aortic region. The total PFLA in the region from the ascending aorta to the proximal abdominal aorta (around position 4) was increased slightly as a result of abundant atheromatous plaque around bifurcations of the coeliac, mesenteric and renal arteries. The total PFLA from the ascending aorta to any of the aortic positions was significantly greater at 22-24 months than at 10-12 months of age (P l 0.00 in all cases). The pattern of changes in PWV proximal to position 3 or position 5 appeared to closely resemble the changes in PFLA.
Histological features of the aorta in KHC rabbits
Histological sections of the proximal thoracic and proximal abdominal aorta from KHC rabbits aged 12 and 24 months are shown in Figure 9 . Thickening of the intima, abundant foam cells loaded with cholesterol and duplicated inner elastic lamina were observed in all sections for both age groups. The smooth muscle cells at the border of the intima were foamy and thickened due to intake of cholesterol into the cells in the proximal thoracic aorta in rabbits of both age groups, and in the proximal abdominal aorta in 24-month-old animals. The foam cells in the intima were replaced by proliferating elastin and collagen fibres on aging. The severity of the lesion was greater as the distance from the heart decreased.
DISCUSSION
Rheological properties of the wall
The rheological properties of the atherosclerotic wall in the KHC rabbits altered on progression of the sclerotic lesion with aging, as observed previously in the WHHL rabbit [22] . The elastic modulus (E) in the 22-24-monthold KHC rabbits was increased by approx. 4-fold compared with that in the 10-12-month-old animals, although the value of E in the young KHC rabbits was decreased to about 30 % of that in the normal aorta. Thus the aorta wall is less stiff in younger KHC rabbits than in age-matched controls. Similar findings were observed for the atherosclerotic aorta of cholesterol-fed rabbits [23] . Smooth muscle fibres have viscous properties [24, 25] . The viscous properties of the normal aortic wall tend to increase gradually with distance from the heart [10] [11] [12] [26] [27] [28] [29] , due to the arrangement of the smooth muscle, elastin and collagen fibres, and thus the rheological properties vary in different aortic segments [8, 9] . In the KHC rabbits of both age groups, however, the media were relatively well preserved in comparison with the normal aorta. The atheromatous plaque in the younger KHC rabbits consisted mainly of cholesterol-rich foam cells, which might allow the aortic wall to show viscous properties in comparison with the normal aorta. The increase in the elastic modulus with aging (i.e. a decrease in distensibility of the wall), would be caused in part by structural modification of the wall, e.g. replacement of foam cells with proliferated elastin and collagen fibres, or calcification in some cases.
Peaking of the pressure pulse wave
The pressure pulse wave shows a ' peaking phenomenon ' as the distance from the heart increases. In the present study, the peaking was more obvious in the abdominal aorta of the KHC rabbit with aging in comparison with that in normal rabbits. A pulse wave theoretically travels along an elastic tube filled with non-viscous fluid without any attenuation or amplification of the wave, whereas it is propagated with reduced amplitude along an elastic tube filled with viscous fluid, due to dissipation of the elastic energy by the fluid. Also, a pulse wave shows greater attenuation of amplitude in a viscoelastic compared with an elastic tube even when filled with the same fluid. The aorta can be assumed to be a viscoelastic tube filled with viscous fluid. The pulse wave, however, travels along the aorta with increasing, not decreasing, amplitude. This phenomenon could be accounted for by the reflected pulse wave. The reflected wave originates from the point of tapering and at the bifurcation, chiefly at highresistance arterial sites. The reflected wave propagates in a retrograde direction towards the heart and adds to the forward wave in different arterial segments, contributing to the peaking of the pulse wave [30] . Taylor [31, 32] analysed the relationship of viscoelasticity to flow impedance in a computer model of a randomly branching elastic tube. Fich et al. [33] also illustrated the increase in impedance in a single tube with a tapering diameter as an electric analogue model of the aorta. The rheological properties of the aorta, therefore, appear to be some of the most important factors responsible for the augmentation of peaking of the pulse wave seen with aging.
Progressive acceleration of PWV
PWV is determined by the haemodynamic and rheological properties of the cardiovascular system. If the blood is assumed to be a non-viscous fluid, PWV can be theoretically expressed by the Moens-Korteweg equation [34, 35] :
where K is a constant and ρ is the density of the blood. In the normal rabbits, PWV showed a gradual and modest increase as the position of measurement moved from the ascending aorta to each aortic position in turn, with no significant differences between the two age groups seen at any position. A similar distribution pattern for regional PWV along the aorta has been reported in normal dogs [36] , baboons [37] and humans [38] . The value of ρ is thought to be almost constant, since there was no significant difference in the density of the blood between normal and hyperlipidaemic rabbits at different ages [39] . It has been reported that the ratio h\r does not differ significantly between aortic regions [30, 32] , and that E increases gradually on moving towards the peripheral aortic region [26, 27] . These characteristics explain the gradual increase in PWV along the aorta with increasing distance from the heart in normal rabbits of both age groups. The values of h, r and E in the same aortic segment of normal rabbits did not vary signifi-cantly between the two age groups, which accounts for the lack of any significant difference in PWV between the two age groups. In the present study, however, the value of E was almost unchanged between the proximal thoracic and proximal abdominal aorta. We measured E in the aorta between the bifurcation of the coeliac and mesenteric arteries to the distal thoracic aorta. The rheological properties of the aortic wall showed moderate changes between these regions. This may account for the modest increase in PWV along the thoracic aorta in the normal rabbit. Rabbits at 22-24 months of age, under normal conditions, have not aged enough for alterations in rheological properties or PWV to occur, although differences exist in the methods used for estimation of rheological properties and for particular species.
Some investigators have also reported no significant increases in PWV with aging in normal human subjects [17] [18] [19] . On the other hand, Liang et al. [40] recently demonstrated a significant positive correlation of age with PWV from the aortic arch to the femoral artery in healthy volunteers between 20 and 70 years of age using a non-invasive technique. They measured PWV and other arterial indices (e.g. total systemic arterial compliance, augmentation index, etc.), with good repeatability of measurements, and concluded that the longterm structural changes in the aortic wall contributed to the decrease in arterial compliance and increase in PWV. The disparity in age-related changes in PWV might arise from differences in repeatability and trial sample size of PWV measurement, as well as in methods used for PWV measurement and individual variation.
Effects of atherosclerosis on the primary wave in the pressure pulse wave
Aging may produce rheological changes in the arterial wall even in healthy subjects and animals. A decrease in distensibility or increase in stiffness of the wall has been demonstrated using an ultrasonic technique [41] [42] [43] . The top of the primary wave in the pressure pulse wave was always greater in the 22-24-month-old KHC rabbits than in the 10-12-month-old KHC and age-matched normal rabbits at all aortic positions ( Figure 2) . As the peak time of the primary wave is closely related to that of the aortic blood flow wave [44] , the height of the primary wave is regarded as the peak systolic pressure. Therefore the height of the primary wave is proportional to vascular resistance changes if the aortic flow is constant. This change in vascular resistance depends on wall distensibility or stiffness, which corresponds to a product of thickness and elastic modulus of the wall.
Wall thickness in the proximal thoracic and abdominal aorta was significantly greater in the KHC rabbits than in the normal rabbits, and increased with aging in KHC rabbits due to intimal thickening. The elastic modulus of the aortic wall was significantly greater in the older KHC rabbits than in the young KHC and age-matched control rabbits because of the fibrous proliferation in the thickened intima. Hasegawa and Watanabe [22] have also reported progressive increases in wall thickness and elastic modulus with aging in the WHHL rabbit. These results suggest that the increased primary waves in the older KHC rabbits can be attributed to greater stiffness due to increases in wall thickness and elastic modulus, although these waves might also be influenced by changes in wave reflection due to atherosclerosis. This remains unclear in the present study.
Effects of atherosclerosis on PWV
In the younger KHC rabbit group, PWV was greatest during conduction from the ascending aorta to the distal portion of the aortic arch, decreased gradually with passage to the distal thoracic aorta, and increased again with passage to the aortic segment distal to these regions. The product of E and h was not obviously different between 10-12-month-old KHC and normal rabbits, while the value of r in the proximal thoracic aorta was significantly lower for the KHC rabbits than for the normal controls, due to intimal thickening. The significant increase in PWV from the ascending aorta to the proximal thoracic aorta (PWV " ) in the young age group could be chiefly explained by the 24 % (but not significant) increase in Eh\r in the proximal thoracic aorta in comparison with that in age-matched normal rabbits. In addition, the significant increase in PWV at the aortic arch (PWV ! ) also seemed to contribute to the increase in PWV "
. The gradual decrease in PWV with conduction towards the distal thoracic aorta may be related to the gradual decrease in the extent and severity of the sclerotic lesion along the thoracic aorta. The increase in PWV during passage through the abdominal aorta is considered to be due to a mechanism similar to that in the normal rabbit. Furthermore, the increase in PWV in this aortic region may be affected by the increased velocity in the aortic arch and proximal thoracic aorta rather than by changes in the rheological properties in the abdominal aorta, as the sclerotic lesions in the middle and distal abdominal aorta were markedly less, and the increase in the value of Eh\r in the proximal abdominal aorta was slight in 10-12-month-old KHC rabbits in comparison with normal rabbits of the same age.
PWV values from the ascending aorta to all aortic positions were significantly increased in the older KHC rabbits, although the change in PWV along the aorta showed an almost identical pattern to that in the younger KHC rabbits. The significant increase in PWV from the ascending aorta to each position in the thoracic aorta and to each position in the abdominal aorta could be explained by the significant elevation in Eh\r, due to the markedly increased product of E and h and the increase in h caused by the progression of atherosclerosis with advanced age. The increases in the extent and severity of sclerotic lesions from the aortic arch towards the distal thoracic aorta with aging are likely to contribute to the shift in the position of the minimal value of PWV, from the distal thoracic aorta in the 10-12-month-old animals to the middle abdominal aorta in the 22-24-month-old rabbits.
PWV is closely related to diastolic pressure, but not to systolic pressure [45] . In the present study we did not adjust PWV to take account of diastolic pressure, since there were no significant differences in diastolic pressure at any aortic position between either young (P l 0.60-0.89) or older (P l 0.90-1.00) normal and KHC rabbits. Furthermore, there were no significant correlations between PWV and diastolic pressure at any aortic position in the young (P l 0.26-0.79) or older (P l 0.48-0.81) normal rabbits, or in the young (P l 0.33-0.64) or older (P l 0.38-0.96) KHC rabbits.
Therefore we conclude that the value of PWV in the KHC rabbit changes along the aorta, reflecting the extent and severity of the atherosclerotic lesion, and that PWV increases as a result of the progression of sclerotic lesions with aging. These findings will be beneficial for the future pathophysiological diagnosis of atherosclerosis.
